We previously demonstrated that rRNA undergoes rapid and extensive degradation in Bombyx mori BM-N cells upon infection with AcMNPV, which is triggered by AcMNPV P143 (Ac-P143) protein. Here, we showed that six amino acid residues of Ac-P143 protein, distributing between positions 514 and 599, are involved in rRNA degradation in BM-N cells. The six residues are highly conserved among P143 proteins from AcMNPV, HycuMNPV, SeMNPV and SpltMNPV, which trigger rRNA degradation in BM-N cells upon infection, but are only partially conserved in Bm-P143 protein, which does not induce rRNA degradation in BM-N cells. We also demonstrated that substitution of only two selected residues (N565S/L578F) of Bm-P143 protein with the corresponding Ac-P143 protein residues generates a mutant Bm-P143 protein that is capable of triggering rRNA degradation in BM-N cells. These results indicate that BmNPV evolved a unique P143 protein to evade the antiviral response and allow replication in B. mori cells.
Introduction
Nucleopolyhedroviruses (NPVs) are large, enveloped, insectpathogenic viruses that are members of the family Baculoviridae and contain a double-stranded, closed-circular DNA genome of approximately 80-180 kbp (Herniou et al., 2012) . The majority of NPVs display a narrow host range that is generally limited to close relatives of the insect(s) from which the respective NPVs were originally isolated. A number of baculovirus genes, including hrf-1, hcf-1, lef7, p35, iap, p143 and hycu-ep32, have distinct functional roles during infection and also contribute to host range determination (Miller and Lu, 1997; Shirata et al., 2004 Shirata et al., , 2010 Thiem, 1997; Thiem and Cheng, 2009) , suggesting that baculovirus host range is determined by diverse underlying mechanisms.
Autographa californica multiple NPV (AcMNPV) and Bombyx mori NPV (BmNPV) are closely related with respect to genome organization, gene content and nucleotide sequences of conserved genes, with the corresponding ORFs showing approximately 90% overall amino acid sequence identity between the two viral genomes (Ayres et al., 1994; Cohen et al., 2009; Gomi et al., 1999) . Despite such a high degree of relatedness, these viruses display a striking difference in host range specificity. Compared to BmNPV, which is restricted to replication in cell lines from the silkworm, B. mori, and its wild ancestor, the wild silkworm, Bombyx mandarina (Iwanaga et al., 2009; Shirata et al., 1999) , AcMNPV exhibits exceptionally broad host range and is able to infect a minimum of 32 lepidopteran insect species within 12 families (Granados and Williams, 1986) . However, AcMNPV is unable to replicate productively in B. mori cells (Grasela et al., 2000; Kamita and Maeda, 1993; Morris and Miller, 1993; Shirata et al., 1999) , and AcMNPV infection of B. mori cells induces global protein synthesis shutdown, in which both viral and cellular protein syntheses are completely arrested .
Previous studies have demonstrated that a recombinant AcMNPV harboring a specific DNA fragment of the BmNPV p143 gene (bm-p143) in place of the corresponding AcMNPV p143 gene (ac-p143) sequence no longer triggers global protein synthesis shutdown and is able to replicate successfully in B. mori cells. This finding suggests that P143 proteins encoded in the genomes of AcMNPV and BmNPV serve as host range determinants for the infection of B. mori cells (Croizier et al., 1994; Ikeda et al., 2013 Ikeda et al., , 2015 Kamita and Maeda, 1993; Maeda et al., 1993) . Mutational studies have demonstrated that the substitution of even a single amino acid residue of Ac-P143 with the corresponding residue of Bm-P143 is sufficient to enable AcMNPV to replicate in B. mori cells and larvae (Kamita and Maeda, 1997 molecular mechanism underlying the restriction of AcMNPV replication in B. mori cells by Ac-P143 has not been determined.
Upon infection of B. mori cells with AcMNPV, cellular rRNA is rapidly and extensively degraded (Fujita et al., 2005; Hamajima et al., 2013) , suggesting that the global protein synthesis shutdown observed in AcMNPV-infected B. mori cells is associated with rRNA degradation. The results of genetic screening and transient expression analyses indicated that Ac-P143 is involved in AcMNPVtriggered rRNA degradation . In the present study, we identified six amino acid residues of Ac-P143 that are involved in Ac-P143-triggered rRNA degradation in BM-N cells. Further, we found that the six amino acid residues of Ac-P143 protein are also involved in restricted viral replication in BM-N cells, providing supporting evidence that rRNA degradation is the primary cause for global protein synthesis shutdown and restricted viral replication in AcMNPV-infected B. mori cells. Comparative amino acid sequence alignments of P143 proteins revealed that the six identified amino acid residues from AcMNPV and the other NPVs that also trigger rRNA degradation in B. mori cells markedly differ from the corresponding amino acids in Bm-P143 protein, suggesting that BmNPV evolved a unique P143 protein to evade the antiviral response mechanism of B. mori cells against NPV infection.
Results
ScH sequence of Ac-P143 protein is involved in rRNA degradation and restricted viral replication in BM-N cells A 572-bp SacI-HindIII (ScH) sequence within the ac-p143 (AcScH) gene encoded in the AcMNPV genome ( Fig. 1) was previously shown to be involved in restricted viral replication in B. mori BmN cells, triggering global protein synthesis shutdown . In addition, it was shown that AcMNPV containing the ScH sequence from BmNPV P143 (BmScH) in place of AcScH is able to replicate productively in BmN cells . Here, to determine whether the AcScH sequence is also involved in AcMNPV-triggered rRNA degradation in BM-N cells, the plasmids pIE1-2/Acp143Egfp, pIE1-2/Bmp143Egfp and pIE1-2/Acp143(BmScH)Egfp ( Fig. 2A) , which express EGFP-tagged wild-type (wt) Ac-P143, Bm-P143 and recombinant Ac-P143 protein containing the BmScH sequence in place of the AcScH sequence (Ac-P143(BmScH)), respectively, were constructed and transfected into BM-N cells. At 0 and 72 h post-transfection, total RNAs were isolated and analyzed using the MultiNA microchip electrophoresis system. The analysis confirmed that Ac-P143 protein triggered rRNA degradation in BM-N cells, as evidenced by the formation of a weak, but clearly detectable, band composed of $1400 nt rRNA fragments ( Fig. 2B ; Hamajima et al., 2013) . In contrast, no detectable $ 1400 nt rRNA fragments were observed in BM-N cells expressing Ac-P143(BmScH) or Bm-P143 proteins (Fig. 2B) . These results are consistent with previous results and indicated that the AcScH sequence is also involved in AcMNPV-triggered rRNA degradation in BM-N cells.
To determine if rRNA degradation is involved in global protein synthesis shutdown and restricted viral replication in BM-N cells expressing Ac-P143, single-cell based analysis of BM-N cells transfected with plasmids expressing EGFP-tagged Ac-P143(BmScH), Ac-P143 and Bm-P143 proteins was performed (Fig. 2C) . At 48 h posttransfection, the cells were infected with BmNPV for 48 h and then examined for polyhedra production and expression of wt and mutant P143 proteins displaying EGFP fluorescence. In cell cultures transfected with pIE1-2/Acp143(BmScH)Egfp and pIE1-2/Bmp143Egfp, polyhedra were detected in BM-N cells without detectable fluorescence and in cells expressing mutant Ac-P143(BmScH) and wt Bm-P143 proteins (Fig. 2C) . Quantification of polyhedra-producing cells revealed that approximately 20% of BM-N cells expressing AcP143(BmScH) and Bm-P143 proteins produced polyhedra (Fig. 2D) . In contrast, in the pIE1-2/ Acp143Egfp-transfected culture, polyhedra were produced exclusively in BM-N cells not expressing Ac-P143 protein (Fig. 2C) , as no Ac-P143 protein-expressing cells produced polyhedra (Fig. 2D) . These results indicated that the AcScH sequence of Ac-P143 protein is involved in both rRNA degradation and restricted viral replication in BM-N cells.
Mutant Ac-P143 protein with substitution of two selected residues, S564N and F577L, within the AcScH sequence is unable to rescue rRNA degradation and restricted viral replication in BM-N cells Amino acid sequence alignments of the AcScH and BmScH regions revealed that 14 residues differ between the two sequences (see Fig. 1 ). A previous study showed that substitution of two amino acid residues, S564 and F577, within the AcScH sequence with the corresponding residues, N565 and L578, from BmScH is sufficient for AcMNPV to lethally infect B. mori larvae (Argaud et al., 1998) . To determine whether these two residues within the AcScH sequence are specifically involved in rRNA degradation in BM-N cells, plasmids expressing Ac-P143 with a substitution of asparagine at S564 (Ac-P143(S564N)) or leucine at F577 (Ac-P143(F577L)), and a plasmid expressing Ac-P143 with both amino acid substitutions (Ac-P143(S564N/F577L)) were constructed and transfected into BM-N cells. At 0 and 72 h posttransfection, total RNAs were isolated from transfected BM-N cells and analyzed using the MultiNA system. When expressed in BM-N cells, each mutant Ac-P143 protein retained the capability to trigger rRNA degradation, as indicated by the weak, but clear detectable, band corresponding to $ 1400-nt RNA fragments (Fig. 3A, lanes 3-8) . These results indicated that one or more amino acid residues within AcScH sequence, other than S564 and F577, are involved in rRNA degradation in AcMNPV-infected BM-N cells.
Transfection-infection analysis was also performed to determine if BM-N cells expressing wt Ac-P143 protein or mutant Ac-P143 proteins with S564N, F577L, and S564N/F577L substitutions produce polyhedra (Fig. 3B) . Quantification of polyhedra-producing cells revealed that very few or no BM-N cells expressing wt or the mutant Ac-P143 proteins produced detectable polyhedra (Fig. 3C ).
Bm-P143 protein with a N565S/L578F substitution within the BmScH sequence triggers rRNA degradation and restricted viral replication
As the mutant Ac-P143 proteins with amino acid substitutions of S564N, F577L and S564N/F577L retained the capability to trigger rRNA degradation in BM-N cells (Fig. 3) , it was concluded that the residues S564 and F577 are not essential for Ac-P143-triggered rRNA degradation in BM-N cells. To determine whether the S564 and F577 residues of Ac-P143 protein are involved in rRNA degradation, plasmids expressing Bm-P143 proteins with single and double amino acid Transfection-infection analysis showed that between 18% and 21% of BM-N cells expressing either wt Bm-P143 protein or mutant Bm-P143 protein with single amino acid substitutions produced polyhedra, whereas less than 4% of BM-N cells expressing Bm-P143(N565S/ L578F) protein produced polyhedra ( Fig. 3B and C) . Taken together, these results indicated that the substitution of both N565 and L578 resulted in the generation of mutant Bm-P143 protein that is capable of triggering rRNA degradation and restricted viral replication.
Identification of Ac-P143 amino acid residues involved in rRNA degradation and restricted viral replication in BM-N cells
The results presented in Fig. 3 suggested that multiple amino acid residues of Ac-P143, including S564 and F577, are involved in Ac-P143-triggered rRNA degradation in BM-N cells. In addition, previous studies have shown that several residues within the Nterminal region of AcScH are not involved in restricted AcMNPV replication in BM-N cells (Argaud et al., 1998; Croizier et al., 1994; Kamita and Maeda, 1997) . To systematically analyze which amino acid residues within the AcScH sequence are needed for cellular rRNA degradation, we constructed five distinct plasmids, expressing mutant Ac-P143 proteins with substitutions of 11 (Q461L-A599T), 10 (I467T-A599T), 9 (H470D-A599T), 8 (H514N-A599T), and 7 (T528V-A599T) consecutive amino acid residues (Fig. 4a-e) . The constructed plasmids were transfected into BM-N cells, which were then examined for rRNA degradation at 0 and 72 h posttransfection. No detectable rRNA degradation was observed in BM-N cells expressing mutant Ac-P143 proteins with substitutions of eight (amino acids nos. 7-14) or more amino acid residues in the C-terminal region ( Fig. 4a-d; Fig. 5A , lanes 3 and 4, data not shown for constructs a-c), whereas Ac-P143 protein with substitutions of only seven amino acid residues (amino acid nos. 8-14) in the Cterminal region triggered rRNA degradation ( Fig. 4e; Fig. 5A , lanes 5 and 6). These results indicated that residue H514 within AcScH (amino acid no. 7) is one of the key residues involved in Ac-P143-triggered rRNA degradation in BM-N cells.
To identify other key amino acid residues of Ac-P143 protein involved in rRNA degradation in BM-N cells, seven plasmids (Fig. 4f-l) expressing mutant Ac-P143 proteins with six native amino acid residues within the N-terminal region (amino acids nos. 1-6) and only one additional native residue among the seven residues within the C-terminal region (amino acids nos. 8-14) were constructed. The remaining amino acid residues in the Cterminal region of these seven constructs were substituted with the corresponding residues of Bm-P143 protein. Examination of rRNA degradation in the transfected BM-N cells showed that five residues of Ac-P143, T528 (amino acid no. 8), V556 (amino acid no. 10), S564 (amino acid no. 11), F577 (amino acid no. 12), and A599 (amino acid no. 14), were unequivocally involved in triggering rRNA degradation in BM-N cells, as weak, but clearly detectable, $1400-nt RNA fragment bands were consistently observed in repeated analyses (Fig. 4f, h-j, and l; Fig. 5A, lanes 7, 8, 11-16, 19 , and 20). In contrast, residues H551 and K584 (amino acids nos. 9 and 13, respectively), when substituted either singly or in combination, appeared to have no involvement in triggering rRNA degradation in BM-N cells, as no $ 1400-nt RNA fragment bands were detected under the present experimental conditions (Fig. 4g , k, and m; Fig. 5A lanes 9, 10, 17, 18, 21, and 22) .
Transfection-infection analysis (Fig. 5B) showed that the proportion of polyhedra-producing cells among cells expressing mutant Ac-P143 protein with eight substituted amino acid residues in the C-terminal region was comparable to that among cells expressing Bm-P143 protein (Fig. 5C, d vs Bm-P143). This result indicates that the mutant Ac-P143 protein did not trigger rRNA degradation or restrict viral replication in BM-N cells. In contrast, significantly lower proportions (less than 5%) of BM-N cells produced polyhedra among cells expressing mutant P143 proteins that triggered cellular rRNA degradation (Fig. 5C , e, f, h-j, l vs Bm-P143). Similar results were obtained in BM-N cells expressing mutant P143 proteins that did not trigger rRNA degradation, although the proportion of polyhedra-producing cells was somewhat higher (8-12%) than among those expressing P143 proteins that triggered rRNA degradation (Fig. 5C , g, k, m vs e, f, h-j, l).
Discussion
Cultured cells derived from the silkworm B. mori are permissive for productive infection by BmNPV, but not AcMNPV. Previous studies have demonstrated that AcMNPV infection of B. mori BM-N or BmN-4 cells induces rapid and extensive rRNA degradation in infected cells through site-specific cleavage (Fujita et al., 2005 . In these cells, rRNA degradation was shown to be triggered by AcMNPV P143 (Ac-P143) protein (Hamajima et al., , 2014 . Notably, however, the homologous protein in BmNPV (Bm-P143) does not exhibit this activity in BM-N cells (Hamajima et al., , 2014 . In the present study, we showed that the substitution of six amino acid residues of Ac-P143 with the corresponding residues of Bm-P143 (H514N, T528V, V556L, S564N, F577L, and A599T) generate a mutant protein that is incapable of triggering rRNA degradation in BM-N cells in transient expression assays.
Using single-cell-based analysis, we examined BmNPV polyhedra production in BM-N cells expressing mutant Ac-P143 proteins with substitutions of various amino acid residues, and in parallel, assessed the effects of these mutated proteins on rRNA degradation. These analyses revealed that BmNPV polyhedra were produced almost exclusively in BM-N cells expressing Ac-P143 mutant proteins that did not induce rRNA degradation. These results indicate that the restricted viral replication in BM-N cells expressing Ac-P143 protein is associated with rRNA degradation and suggest that rRNA degradation is the primary cause of global protein synthesis shutdown and restricted viral replication in AcMNPV-infected BM-N cells.
Our results show that two mutant Bm-P143 proteins, Bm-P143 (N565S) and Bm-P143(L578F), with a single amino acid substitution within the BmScH sequence had little or no inductive effect on rRNA degradation in BM-N cells. Notably, mutant Bm-P143 protein containing both N565S and L578F substitutions, Bm-P143 (N565S/L578F), triggered rRNA degradation in BM-N cells, indicating that these two amino acid residues influence the structure of functional domain of Bm-P143 protein. These findings contrast with the results of the Ac-P143 mutational analysis, in which at least six amino acid substitutions were required to impair the ability of Ac-P143 to trigger rRNA degradation in BM-N cells. A comparison of these six amino acid residues of Ac-P143 with the corresponding residues of the P143 proteins from Hyphantria cunea MNPV (HycuMNPV), Spodoptera exigua MNPV (SeMNPV) and Spodoptera litura MNPV (SpltMNPV), which also trigger rRNA degradation in BM-N cells upon infection , revealed that the identities range between 50% and 100% (Fig. 6) . In contrast, Bm-P143 protein shared only one and two residues among these six residues with P143 proteins from HycuMNPV (N565) and SeMNPV (L557 and L578), respectively, and had no common residues with P143 proteins of SpltMNPV and AcMNPV (Fig. 6 ). This comparative analysis shows that these six amino acid residues in Bm-P143 are strikingly different from the corresponding residues of P143 proteins from viruses that trigger rRNA degradation in BM-N cells upon infection. Collectively, these results suggest that BmNPV evolved a unique P143 protein that is able to evade recognition by B. mori cells and thereby prevent the activation of signaling pathways leading to rRNA degradation.
Ac-P143 protein functions as a helicase (Lu and Carstens, 1991; McDougal and Guarino, 2000) and is essential for viral DNA replication (Gordon and Carstens, 1984) . Ac-P143 consists of 1221 amino acid residues and contains several motifs and domains, including seven helicase motifs in the C-terminal region (amino acids 913-1210), a modified leucine zipper motif (amino acids 88-102), and a putative nuclear localization signal (amino acids 692-702), which are predicted to have specific biochemical functions (Kamita and Maeda, 1997; Lu and Carstens, 1991; Liu and Carstens, 1999; Laufs et al., 1997; McDougal and Guarino, 2000) . The six amino acid residues involved in rRNA degradation are distributed between amino acids 514 and 599, which are located outside the previously identified motifs and domains. However, deletion of residue G552, which is conserved among the P143 proteins from BmNPV, SpltMNPV, AcMNPV, HycuMNPV and SeMNPV (Fig. 6) , results in abrogation of the viral DNA replication function of Ac-P143 protein, suggesting that amino acids in this region are also essential for Ac-P143 function (Liu and Carstens 1999) . Searches of publicly available databases showed that amino acid sequences of Ac-P143 and Bm-P143 proteins relevant to rRNA degradation contained no specific motifs or domains linked to possible function. Therefore, structural analyses are required to elucidate the functional role of the sequence of Ac-P143 protein involved in rRNA degradation and restricted viral replication in AcMNPV-infected BM-N cells.
Previous studies have reported that substitutions of three (V556, S564 and F577; Croizier et al., 1994) , two (S564 and F577; Argaud et al., 1998) , or only one (S564; Kamita and Maeda, 1997) amino acid residue of Ac-P143 with the corresponding residue (s) of Bm-P143 are sufficient to allow AcMNPV to replicate in B. mori cells or express lethality in B. mori larvae. In contrast, the present results show that the substitution of at least six residues within the AcScH sequence of Ac-P143 protein is necessary to generate a mutant Ac-P143 protein that does not trigger rRNA degradation or restrict viral replication in BM-N cells. This apparent discrepancy between our results and those from the other research groups might be due, at least in part, to the different assay methods used to assess the functional effects of amino acid substitutions. The previous studies used recombinant AcMNPVs harboring mutant P143 proteins and examined polyhedra production in B. mori cells (Kamita and Maeda, 1997) or lethality in B. mori larvae (Argaud et al., 1998; Croizier et al., 1994) , whereas we directly transfected BM-N cells with plasmids expressing mutant Ac-P143 proteins and examined for rRNA degradation and polyhedra production in BmNPV-infected BM-N cells. In addition, it was previously shown that recombinant AcMNPV harboring mutant Ac-P143 protein with the substitutions S564N and F577L lethally infects B. mori larvae, but fails to productively infect B. mori Bm5 cells (Argaud et al., 1998) , suggesting that the in vitro assay recognizes the structure and function of P143 proteins more stringently than the in vivo assay. Alternatively, it is possible that larvae are more permissive for mutant AcMNPV replication than culture cells (Argaud et al., 1998) .
rRNA degradation triggered by the infection of certain heterologous NPVs is specific to cell lines from B. mori and B. mandarina, and does not occur in cell lines from other lepidopteran and dipteran insects, including S. exigua Se301, Spodoptera frugiperda Sf9, Spilosoma imparilis SpIm, Lymantria dispar Ld652Y and Drosophila melanogaster S2 (Hamajima et al., 2013, unpublished observation for B. mandarina) . In addition, the rRNA degradation that occurs in AcMNPV-infected BM-N cells is not associated with the viral DNA replication-related function of Ac-P143 protein (Hamajima et al., 2014) or not the result of apoptosis triggered by heterologous P143 proteins ). Further . Amino acid sequence alignments of the ScH regions of P143 protein from BmNPV (Bm-P143) and the P143 proteins from AcMNPV (Ac-P143), HycuMNPV (Hycu-P143), SeMNPV (Se-P143) and SpltMNPV (Splt-P143), which trigger rRNA degradation in BM-N cells. The amino acid residues that are identical among the five different P143 proteins are indicated by white letters within black boxes, and the amino acid residues that are identical among three or four different P143 proteins are indicated by black letters within shaded boxes. Closed and open inverted triangles above the sequences indicate amino acid residues of Ac-P143 protein that are involved in rRNA degradation in BM-N cells and residues that are not definitely involved in rRNA degradation, but are responsible, to some extent, for restricted viral replication, respectively. Deletion of residue G552 from Ac-P143 (indicated by a closed dot) abrogates the viral DNA replication function of Ac-P143 (Liu and Carstens, 1999). studies are currently in progress in our laboratory to identify the signaling pathways and cellular factors involved in rRNA degradation that are activated in AcMNPV-infected BM-N cells, and to determine their connection, if any, with apoptotic signaling pathways.
Materials and methods

Cells and virus
BM-N cells from the silkworm B. mori (Volkman and Goldsmith, 1982) were cultured at 28 1C in TC100 medium (AppliChem) supplemented with 0.26% tryptose broth (Sigma) and 10% fetal bovine serum, as described previously . The virus used in these experiments was B. mori NPV N9 (BmNPV; Nagamine et al., 1989) .
Construction of plasmids expressing EGFP-tagged Ac-P143 and Bm-P143 proteins
To construct expression plasmids for EGFP-tagged Ac-P143 and Bm-P143 proteins, pIE1-2/Egfp was linearized by inverse-PCR using the primers GFPfusionC-S and GFPfusionC-AS (Table S1 ). The coding regions of ac-p143 and bm-p143 were amplified from genomic DNAs from AcMNPV and BmNPV, respectively, using the primers infGFP-AcBmp143-S and infGFPAcBmp143-AS (Table S1 ), which contained 15-nt extensions complementary to the ends of linearized pIE1-2/Egfp. The amplified coding regions of ac-p143 and bm-p143 were cloned into linearized pIE1-2/Egfp using an In-Fusion HD Cloning Kit (Clontech), yielding pIE1-2/Acp143Egfp and pIE1-2/Bmp143Egfp, respectively.
Construction of plasmids expressing EGFP-tagged mutant Ac-P143 and Bm-P143 proteins with amino acid residue substitutions Plasmids expressing EGFP-tagged mutant Ac-P143 and Bm-P143 proteins with amino acid residue substitutions were constructed using In-Fusion HD Cloning Kit and KOD-plus mutagenesis Kit (Toyobo). For the introduction of multiple amino acid residue substitutions into Ac-P143 protein, pIE1-2/Acp143Egfp was first linearized by inverse-PCR. The sequences from bm-p143 to be substituted for ac-p143 were amplified from pIE1-2/ Bmp143Egfp using primer sets for vector linearization and bmp143 amplification (Tables S2 and S3 ). The primers for bm-p143 amplification contained $ 15-nt extensions complementary to the ends of linearized pIE1-2/Acp143Egfp, and each amplified bmp143 sequence was cloned into the corresponding linearized pIE1-2/Acp143Egfp using an In-Fusion HD Cloning Kit.
To introduce site-directed mutations into Ac-P143 and Bm-P143 proteins, pIE1-2/Acp143Egfp and pIE1-2/Bmp143Egfp were first linearized by inverse-PCR using specific paired primes (Tables  S3 and S4 ) and the obtained PCR products were then self-ligated.
The plasmid sequences were confirmed by nucleotide sequencing using a BigDye Terminator v3.1 Cycle Sequencing Ready Reaction Kit and ABI 3130 Genetic Analyzer (Applied Biosystems), as described previously (Suganuma et al., 2011) .
Transfection
Transfection of plasmids into BM-N cells was performed as previously described . Briefly, monolayer cultures consisting of 4 Â 10 5 BM-N cells in 35-mm culture dishes (Falcon 3001) were transfected with 2 μg of each plasmid using FuGENE HD Transfection Reagent (Promega).
RNA extraction and electrophoretic analysis
The extraction and electrophoretic analysis of RNA were performed as previously described . Briefly, total RNAs were extracted from transfected and infected BM-N cells using QIAcube and RNeasy Mini QIAcube Kit (Qiagen) and analyzed using the MultiNA microchip electrophoresis system (Shimadzu).
Transfection-infection analysis of polyhedra production
To examine correlations between polyhedra production and P143 protein expression, BM-N cells were transfected with various plasmids expressing EGFP-tagged wt and mutant Ac-P143 and Bm-P143 proteins. At 48 h post-transfection, these cells were infected with BmNPV at an MOI of 10. At 48 h post-infection, the number of fluorescent cells with and without polyhedra production was counted in three different fields (each consisting of $ 150 cells), under a fluorescence microscope (BZ-9000, Keyence). The proportion of cells expressing wt and mutant P143 protein that produced polyhedra was then calculated.
Statistical analysis
Multiple comparisons vs Bm-P143Egfp-expressing cells were performed using Dunnett's test. All analyses were performed using Excel software (Microsoft). A p value of o0.01 was considered statistically significant.
